Here the effect of rotation up to third order in the angular velocity of a star on the p, f and g modes is investigated. To do this, the third-order perturbation formalism presented by Soufi et al. (1998) and revised by Karami (2008) , was used. I quantify by numerical calculations the effect of rotation on the oscillation frequencies of a uniformly rotating β-Cephei star with 12 M ⊙ . For an equatorial velocity of 90 km s −1 , it is found that the secondand third-order corrections for (l, m) = (5, −4), for instance, are of order of 0.07% of the frequency for radial order n = −3 and reaches up to 0.6% for n = −20.
introduction
Pulsating stars on the upper main sequence, and particularly δ Scuti and β Cephei stars, are rapid rotators as well as being multimode pulsators. The ratio ǫ = Ω/ω of the rotation rate Ω to the typical frequency of oscillations ω seen in these stars is no longer a small quantity as it is for e.g. the Sun. These stars have typically equatorial velocities ∼ 100 km s −1 , and oscillation periods from half to a few hours which implies ǫ ∼ 0.1, whereas for the Sun ǫ ∼ 10 −4 . In order to achieve the full potential of asteroseismology for testing of models for upper main sequence stars a more careful treatment of the effect of rotation on oscillation frequencies is required.
Rotation not only modifies the structure of the star but also changes the frequencies of normal modes. It removes mode degeneracy creating multiplets of modes. If the rotational angular velocity, Ω, does not have any latitudinal dependence, and the rotation is sufficiently slow, the multiplets show a Zeeman-like equidistant structure. At faster rotation rates nonnegligible quadratic effects in Ω cause the position of the centroid frequency of multiplets to shift with respect to that of a non-rotating model of the same star. See Karami et al. (2003) . Dziembowski & Goode (1992) derived a formalism for calculating the effect of differential rotation on normal modes of rotating stars up to second order. Soufi et al. (1998) extended the formalism of Dziembowski & Goode (1992) up to third order for a rotation profile that is a function of radius only. Soufi et al. (1998) found that near-degenerate coupling due to rotation only occurs between modes with either the same degree l (and different radial orders) or with modes which differ in degree by 2. In general they showed that the total coupling comes from three distinct contributions: the Coriolis contribution, the non-spherically-symmetric distortion, and a coupling term which involves a combination of these two effects.
Result of calculation of frequency corrections up to third order were presented for models of δ-Scuti stars by Goupil et al. (2001) , Goupil & Talon (2002) , Pamyatnykh (2003) , and Goupil et al. (2004) . Daszyńska-Daszkiewicz et al. (2002) studied the effects of mode coupling due to rotation on photometric parameters (amplitude and phase) of stellar pulsations. They reconfirmed the conclusion of Soufi et al. (1998) that the most important effect of rotation is coupling between close frequency modes of spherical harmonic degree, l, differing by 2 and of the same azimuthal order, m.
Reese et al. (2006) studied the effects of rotation due to both the Coriolis and centrifugal accelerations on pulsations of rapidly rotating stars by a non-perturbative method. They showed that the main differences between complete and perturbative calculations come essentially from the centrifugal distortion. Suárez et al. (2006) obtained the oscillation frequencies include corrections for rotation up to second order in the rotation rate for δ Scuti star models. Karami (2008) revised the third-order perturbation formalism presented by Soufi et al. (1998) because of some misprints and missing terms in some of their equations. Karami (2008) by the help of the revised formalism, calculated the effect of rotation up to third order on the oscillation frequencies of a uniformly rotating zero-age main-sequence star with 12 M ⊙ . He concluded that for an equatorial velocity of 100 km s −1 , the second-and third-order corrections for (l, m) = (2, 2), for instance, are of order of 0.01% of the frequency for radial order n = 6 and reaches up to 0.5% for n = 14.
In this paper, I use the third-order perturbation formalism according to Soufi et al. (1998) and revised by Karami (2008) , hereafter Paper I. I carry out numerical calculations for the frequency corrections for a β Cephei star with mass M = 12 M ⊙ , M ⊙ being the solar mass. The numerical results are presented in section 2. Section 3 is devoted to concluding remarks.
Oscillations of a rapidly rotating β Cephei star
In order to calculate the effect of rotation on normal modes, I consider a uniformly rotating, 12 M ⊙ , β Cephei model generated by the evolution code of Christensen-Dalsgaard (1982) (see also Christensen-Dalsgaard & Thompson 1999). The parameters of the model are listed at Table  1 . The value of central hydrogen abundance and existence of small convective core show that the model should be a quite evolved β-Cephei star. The behavior of some of equilibrium quantities of the model against fractional radius, x = r/R are represented in Fig. 1 ; It shows that: 1) Close to the center up to radius x = 0.1, the star is in a convective regime where squared buoyancy frequency N 2 < 0 and, outside of this radius is in a radiative regime where N 2 > 0. There is a sharp peak in N 2 at x ≃ 0.15. This happens because on one hand N 2 ∝ g e and on the other hand since the model has a very small convective core, R conv = 0.1 R, hence the gravity, g e , increases sharply. 2) Spherically symmetric density ρ decreases smoothly from its maximum value to nearly zero near the surface at x ≃ 0.4; 3) The absolute value of the non-sphericallysymmetric correction to the density ρ 22 , see Eq. (10) in Paper I, does show a sharp peak at x ≃ 0.15; 4) The absolute value of the non-spherically-symmetric correction to the gravitational potential φ 22 , see Eq. (12) in Paper I, increases smoothly to its maximum value at the surface. In Fig. 2 , the radial (y) and horizontal (z) components of the zero-order poloidal eigenfunctions as well as rρ 1/2 ξ r /(R 2 ρ 1/2 c ) related to the radial energy density, where ξ r = ry is the radial displacement, are plotted against the fractional radius x = r/R for the selected modes with (l, m)=(5,-4) and n=(-7,...,-11). The modes with n = (−8, −10) are the pure g-modes and with n = (−7, −9, −11) are the mixed g-modes. For the pure g-modes, the oscillations are mostly trapped near the center and also the horizontal amplitude of oscillations are comparable against the radial component. The horizontal component of buoyancy force which generates the horizontal amplitude, plays a important rule during the oscillation of a pure g-mode. At mathematical point of view a pure g-mode is mostly derived from a vector potential that its horizontal component has essential contribution in contrast with the corresponding radial component. This feature is clear particularly for polytropic models. See Sobouti (1980) and Sobouti & Rezania (2001) . In the case of mixed g-modes, the oscillations are trapped between near the center and the middle part of the star. However the amplitude near the surface is decayed exponentially. 
Eigenfunctions

Eigenfrequencies and corrections
The zero-order eigenfrequency, σ 0 , is derived from numerical solutions of Eqs. (20) to (24) in Paper I by the modified pulsation code; note that using the eigensystem in Eqs. (20) to (24) the first-order frequency correction, σ 1 , is implicitly included in σ 0 (see Eqs. (15) and (16) In Tables 2 to 9 the results of different contributions of frequency corrections due to effect of rotation up to third order are tabulated. In each table the selected p, f and g modes with (l, m) = (5, −4), (2, 0), (2, 1), (2, 2), (2, −1), (5, 0), (5, 1), and (5, 4) with n = (−3, . . . , −20), (1, . . . , −5), (1, . . . , −5), (1, . . . , −4), (1, . . . , −5), (−2, . . . , −11), (−1, . . . , −10), and (0, . . . , −7), respectively, are considered. The modes with n ≥ 1, n = 0, and n < 0 are labelled by (p 1 , . . . , p n ), f, and (g 1 , ..., g n ), respectively. Tables 2 to 9 show that: 1) The values of zero order eigenfrequency, σ 0 , and total frequency, σ tot , decrease when the radial mode number, n, decreases. 2) The order of magnitudes of (σ
) by a factor of 10 −3 to 10 −1 . Therefore one can concludes that the effect of Coriolis forces is dominant with respect to the centrifugal forces. 3) With increasing n, the frequency correction due to the distortion and the Coriolis coupling increases and decreases alternatively. 4) For the case of m = 0, there is no first and third-order frequency corrections.
In Table 10 , the results of third order frequency corrections for the case of two near degenerate modes, derived from Eqs. (75)-(76), are tabulated. The coupling exists only for the two near degenerate modes belonging to the same m but l differing by ±2. However there is no any selection rule for n.
Note that in the numerical calculations, there are two substantial differences between the equations used in Soufi et al. (1998) and Paper I. In the formulation of Soufi et al. (1998) , the density derivatives are eliminated through an integration by parts and the resulting surface terms are ignored. The surface terms become significant for higher-order modes, particularly in the present model whose atmosphere is relatively thin. The other important difference which should be noted is that in Soufi et al. (1998) for computing the third-order correction terms the approximation z ≃ y t /Cσ 2 0 , which is valid for the non-rotating case, is used. In Paper I, on the other hand, the exact relation Eq. (24) is used. The approximation of neglecting the second term in Eq. (24) everywhere, particularly near the surface, is not valid. The magnitude of this difference between the two approaches is more significant than the magnitude of the difference due to of the surface terms for the present model. If we include the surface terms in Soufi et al. (1998) and use the approximation z ≃ y t /Cσ 2 0 in Paper I, the results of the two numerical approaches are in good agreement.
Concluding remarks
The third-order effect of rotation on the p, f and g modes for a uniformly rotating β-Cephei star of mass 12 M ⊙ has been investigated. The third-order perturbation formalism presented by Soufi et al. (1998) and revised by Karami (2008) was used. The zero-order eigenvalue problem was solved by pulsation code modified in this manner. Numerical calculations of oscillation frequencies were carried out for our selected model and second-and third-order frequency corrections due to Coriolis, non-spherically-symmetric distortion and Coriolis-distortion coupling were computed. For the case of m = 0, there is no first and third-order frequency corrections. Coupling only occurs between two poloidal modes with the same m and with l differing by 0 or 2. Table 1 : Stellar parameters of a rotating β-Cephei star in solar units. M , M conv , R, R conv , p c , and ρ c are the total mass, the mass of convective core, the radius, the radius of convective core, the central pressure and density, and ⊙ denotes solar values; σΩ and ǫ are the dimensionless mean angular velocity and the perturbational expansion coefficient; T dyn , T rot , and V rot are the dynamical time scale (free fall time), the equatorial period and velocity, respectively. c ), related to the energy density (right), against fractional radius x = r/R for selected g-modes with (l, m) = (5, −4) and n = (−7, −8, −9, −10, −11) for the model described in Table 1 . 1.3462×10 1.8142×10
3.0711 g 9 -9 2.9902 4.8440×10 Table 3: Same as Table 2 , for p, f and g modes with (l, m) = (2, 0) and n = (1, . . . , −5). There is no σ Table 4: Same as Table 2 , for p, f and g modes with (l, m) = (2, 1) and n = (1, . . . , −5). Table 5: Same as Table 2 , for p, f and g modes with (l, m) = (2, 2) and n = (1, . . . , −4). 1.9486 Table 6 : Same as Table 2 , for p, f and g modes with (l, m) = (2, −1) and n = (1, . . . , −5). 2.1154 Table 7 : Same as Table 3 , for g modes with (l, m) = (5, 0) and n = (−2, . . . , −11). Table 2 , for g modes with (l, m) = (5, 1) and n = (−1, . . . , −10). Table 9: Same as Table 2 , for f and g modes with (l, m) = (5, 4) and n = (0, . . . , −7). 2.8500 g 6 -6 2.3658 6.2203×10 2.0876 Table 10 : Values of zero-order eigenfrequency σ 0 , total frequency σ ± corrected up to third order, total third-order frequency correction ∆σ ± = (σ ± − σ 0 ) due to rotation and coupling, expansion coefficients A 
